Abstract: We extracted, amplified and sequenced DNA from historical herbarium specimens and silica-dried samples of the fern genus Lindsaea in order to study the sequencing success between the two kinds of samples. High quality sequences were obtained from 57% of the herbarium samples. The specimens age was found to be of little importance for sequencing success when less than 75 years, but the colour of a specimen was found more indicative of sequencing success. Shorter DNA fragments were sequenced successfully twice as often as longer fragments from the herbarium material; in relatively recently collected silica-dried material longer sequences were obtained almost as frequently as short ones. No obvious differences in sequencing success between material originating from different herbaria was observed. We conclude that by using specifically designed DNA extraction protocols and by sequencing short DNA fragments from carefully selected specimens, herbarium material and type specimens can be successfully used in molecular systematics. Typical material or specimens from the type locality (topotypes) should be preferred, when placing a species in a phylogeny.
Introduction
Achieving adequate taxon sampling may often be difficult in plant molecular phylogenetic studies due to various reasons, such as the high costs of the field work in remote places, difficulties with obtaining collecting permits, inaccessibility of politically unstable regions, lack of luck in finding the target species, or because of (local or global) species extinctions. Existing herbarium collections are an enormous potential source of material to improve taxon sampling and enhance our phylogenetic understanding when no freshly collected material is available.
It has been well documented that DNA is often preserved in herbarium samples, allowing amplification and successful sequencing (e.g. Rogers & Bendich 1985; Taylor & Swann 1994; Savolainen et al. 1995; Drábková et al. 2002; De Castro & Menale 2004) . However, the extraction and amplification of DNA from herbarium material is highly dependent on the technique used (Drábková et al. 2002) and the conditions in which specimens have been stored (Pyle & Adams 1989) , thus making the use of herbarium specimens contentious and sometimes unreliable. For these reasons, Savolainen et al. (1995) concluded that the use of herbarium material in molecular systematics is far from routine. For example, Savolainen et al. (1995) were able to obtain successful amplification products from only eight samples out of seventeen. The success seemed to depend very much on the length of the sequence, and best results were obtained with sequences shorter than 400 bp. In contrast, the age of the specimen did not appear to correlate with the extent of DNA degradation (Taylor & Swann 1994; Savolainen et al. 1995; Drábková et al. 2002) . More recently, a lot of studies include herbarium samples successfully in many different molecular approaches from DNA sequencing to micro-satellites and AFLP techniques, but herbarium material is often seen as the 'last resort' when it is impossible to obtain silica dried material. The general idea that herbarium material is contentious for genetic uses remains.
In the course of our phylogenetic analysis of the fern genus Lindsaea (Lindsaeaceae), we have extensively used herbarium material for DNA extraction and sequencing with good result. We here report our experiences of using (historical) herbarium collections in modern molecular systematics, and compare these results with those obtained from silica-dried samples.
Material and methods
Several frequently used DNA extraction protocols have been tested and modified for the purpose of DNA isolation from dry herbarium material (Savolainen et al. 1995; Drábková et al. 2002) . After comparing eight different methods, Drábková et al. (2002) concluded that DNeasy Plant Mini Kit (Qiagen) gave the best results subsequent to slight modifications to the manufacturer's protocol (30 min incubation, 450 µl of AP1, 50 µl of AE, 10 min elution). We used this method for total genomic DNA extractions from herbarium material. For silica-dried samples, we used the c 2010 Institute of Botany, Slovak Academy of Sciences manufacturer's protocol. Approximately 1 × 1 cm (ca. 10 mg) of plant material was detached and subsequently used in the extraction. Material used in this study consists of herbarium specimens that ranged in age between four and 172 years, and silica-dried material that ranged in age between two and nine years. Because the sequences will be used in a future phylogenetic study, the sampling was aimed to cover as many different Lindsaea species as possible. Until now, we have studied a total of 138 herbarium samples representing 114 species, and 30 silica samples representing 22 species. From each sample we amplified and sequenced two chloroplast loci: trnL-trnF spacer and trnS GGA -rps4 intergenic spacer. The length of trnL-trnF sequences in Lindsaea is ca. 470 bp, whereas trnS GGA -rps4 is ca. 800 bp long.
The DNA was amplified using PureTaq RTG PCR beads (GE Health Care). Each reaction contained 5 µl of DNA template, 1 µl of each primer, and 18 µl of ddH2O. The PCRs were done in GeneAmp PCR System 9700. The PCR profile for trnS GGA -rps4 was: initial denaturisation (95 Table 1 . PCR products were purified and sequenced by Macrogen Inc. (South Korea). In some cases, the concentration of DNA after PCR amplification was too low for sequencing. In these cases, a second PCR was run using the PCR product of first PCR run as a template.
For each sample, the DNA sequencing success was rated using three classes: 0) no readable sequence was obtained (either no PCR product was obtained, or the quality of the obtained sequence was not good enough to be read), 1) a readable sequence was only obtained of the shorter locus, 2) readable sequences of both loci were obtained.
We compared the success of DNA sequencing with age, colour and source herbarium of the specimen. Previous reports have suggested that age is not an important factor in DNA preservation (Savolainen et al. 1995; Drábková et al. 2002) , but these studies were based on only a few samples. Every herbarium has different curatorial policies, and therefore the source herbarium may cause variation in DNA preservation. It is well known that even brief storage of plant specimens in alcohol is highly detrimental for DNA preservation (Pyle & Adams 1989) , but unfortunately it is rarely recorded on herbarium specimens whether they have been subjected to alcohol or other chemical treatments, or have been extensively heated or microwaved. Plant specimens preserved in alcohol generally loose their original green colour, so we used the colour of a specimen as an indicator of possible alcohol preservation during the collection, even though it is well-known that some plants always turn brown when dried, even when they have not been in alcohol. Additionally, prolonged exposure to light also alters the colour of a specimen, and also may influence the DNA. Three colour classes were used: green for the specimens that were more or less bright green, brown for the specimens that had no shade of green at all, and yellowish for the intermediates. The intermediate class included specimens that were pale greenish-yellow, brown with partial shades of green, or dull brownish-green.
Results and discussion
We obtained readable sequences from the shorter locus (470 bp) of 57% of the herbarium specimens, and additionally readable sequences from the longer locus (800 bp) of 26% of the herbarium specimens. Sequencing success was clearly related with specimen colour. Green specimens yielded the short sequence almost without exception, and more than half of them also yielded the long sequence (Table 2) . Yellowish specimens yielded good quality short sequences in 70% of the cases. Only 28% of the brown specimens yielded readable DNA.
The age of the specimen was not as good a predictor of sequencing success as colour (Table 3 , Fig. 1 ). The youngest specimen that did not yield any DNA at all was four years old, and the oldest specimens that yielded both shorter and longer sequences were 53 years old. The oldest specimen that yielded a short sequence was 172 years old (Fig. 2) . Surprisingly, the best results were from specimens 50-75 years old, rather than the youngest specimens. However, in specimens older than 75 years the overall sequencing success was very small. These results are most informative when specimen colour and age are considered together (Fig. 3) . In green herbarium specimens, sequencing success was high and almost identical for specimens up to 75 years of age, after which success declined but was still higher than in the other colour categories in the age class 75-100 years. For brown herbarium specimens, sequencing success was low throughout, but especially for specimens over 25 years of age. In both colour categories, there seems to be a direct result of specimen age on DNA degradation. It is not known whether this reflects an actual effect of time on DNA, or an increased risk of older specimens having been subjected to unstable or poor preservation conditions at some stage. In the yellowish colour class, sequencing success behaved quite differently and peaked in the specimen age class 50-75 years. This is probably an artefact that results from this colour class being very heterogeneous in respect to such specimen properties that affect DNA preservation. For example, it is possible that older specimens were initially green but have turned Fig. 1 . PCR products of trnL-trnF sequences on agarose gel electrophoresis. Age of the specimens is given in years, for the herbarium samples also the colour of voucher specimen is given. Even relatively old herbarium specimens yield similar DNA concentrations as recent silica-dried material. yellowish due to the passage of time, but younger specimens turned yellowish already when they were collected because they were preserved in alcohol before drying.
Green herbarium specimens of all ages proved to be equally good sources of the short DNA sequence as silica-dried material. Silica-dried material was found to be clearly superior for the extraction of longer DNA sequences (Table 2) . However, we only used silica-dried material less than ten years old, and it thus remains to be seen if this advantage is maintained after longer periods of storage.
The differences in sequencing success using material from the four different herbaria were minor (AAU = 1.10, L = 0.73, TUR = 0.75 and U = 0.71; calculated as in Fig. 1 ). Specimens from AAU yielded good quality DNA more often than specimens from other herbaria, but all the AAU specimens that we used were relatively young (collected after 1950), and the proportion of green specimens in the AAU material was also somewhat higher than in the material from the other herbaria. When this is taken into account, any differences that may exist between herbaria in the preservation of DNA seem inconsequential. 
Sequencing success
Specimens age (years) Specimens colour Fig. 3 . DNA sequencing success in Lindsaea herbarium specimens of different age and colour classes. Value 0 indicates that sequencing both the short (ca. 470 bp) and the long (ca. 800 bp) DNA loci failed; 1 indicates that sequencing succeeded for the short locus but failed for the long locus, and 2 indicates that both loci were successfully sequenced. Sequencing success for each class was calculated as the average of the sequencing success values of the specimens belonging to that class. In comparison, the average sequencing success of less than ten years old silica-dried material was 1.9.
In the present study, we used rather stringent criteria for DNA sequencing success: only those sequences that were good enough to be included in a phylogenetic analysis were considered successful. Many of the specimens categorised here as 'failed' actually gave a PCR product, but the sequence reads were not clean enough for our purposes. In three cases, we obtained sequences that were of good quality but were so different from the others, and could not be matched with any sequences deposited in GenBank, that we treated them as contaminated. In all other cases, the sequences obtained from herbarium material were so similar to those obtained from silica-dried material that there is no reason to suspect contamination.
What is to be learned from these observations? First of all, it seems that broad use of herbarium material in molecular systematic studies is indeed possible in Lindsaea, and most likely also in many other plant groups. These results are more promising than Savolainen et al.'s (1995) conclusion that herbarium specimens cannot be routinely used in DNA studies. Nevertheless, specifically designed DNA extraction protocols are required and the sampling should be targeted to short sequences and well-preserved specimens (Drábková et al. 2002) . Silica-dried material is a more secure source of high-quality DNA than herbarium specimens, but the latter make it possible to take advantage of field work that has already been conducted in the past. Reducing the need to sample the same species again may be of high value in the case of endangered or endemic species, or for species that occur in remote areas that are difficult to access.
Because all our results were obtained from a single fern genus, they may not be directly applicable to other plant groups. However, we believe that careful destructive sampling will greatly increase the value of existing herbarium specimens for taxonomic studies of many plant groups. In this era of molecular phylogenetics, voucher specimens with known DNA sequences can become taxonomically as important as type specimens. The fact that herbaria harbour enormous amounts of potential DNA samples with documented origins makes these institutes equally valuable as GenBank. By carefully selecting specimens for phylogenetic studies, and by digitising voucher specimens for on-line distribution, it is possible to raise the scientific value of individual specimens and, the herbaria housing them, up to a new level (Smith 2006) .
The ability to extract and sequence DNA from herbarium specimens makes it possible to include type specimens in phylogenetic analyses, even when no silicadried samples are available. This is very beneficial, in the case of species which are only known from type collections, or species which are extinct or have not been recently collected for other reasons.
It is also important to include types in phylogenetic analyses so that species names can be applied with absolute certainty. In some cases, species may be found to be polyphyletic when sampled over a broad geographic range (e.g. Christenhusz et al. 2008 ). Deciding which clade will carry the name, and which needs to be renamed, is greatly facilitated if the type, or a specimen from the type locality (topotype) is included in the analyses. Bar-coding projects need to take care that the barcode sequences actually belong to the species that they are meant to represent. Consequently, types should have a high priority when specimens are selected to be included for bar-coding.
However, extracting DNA from types has one serious problem: it is destructive and type material is unique and irreplaceable. Therefore, any sampling of type material must be done discreetly, and should be limited to specimens for which ample material and several isotypes are available. Topotypes or material from the region where the type was collected can be used when the original material is too limited to be sacrificed. It is of utmost importance to use typical material, preferably from the type locality when placing a species in a phylogeny.
